Lymph node metastasis is one of the strongest negative prognostic factors for patients with Barrett's adenocarcinoma (BCA). However, despite the importance of the metastatic process in BCA, the molecular basis of it remains poorly understood. To search for cytogenetic events associated with metastasis in regional or distant lymph nodes in BCA, we investigated 8 primary BCA and their lymph node metastases and compared them with 18 nonmetastatic BCA. In metastatic primary BCA, we observed significantly more DNA gains on 3q (P ‫؍‬ .013), 17q (P ‫؍‬ .019), and 22q (P ‫؍‬ .021) compared with nonmetastatic primary BCA. No statistically significant correlation could be observed between DNA copy number changes and the histopathologic stage, grade, or survival (P > .05). The most frequent alteration observed only in lymph node metastases but not in the related primary tumor was loss of 2q (5 of 8). Coamplification of 7p and chromosome 17 was found in 6 of 8 lymph node metastases. A comparison of DNA copy number changes between primary tumors and their corresponding metastases indicated a high degree of genetic heterogeneity. Fluorescence in situ hybridization analysis demonstrated the involvement of the Her-2/neu gene in primary BCA and its related lymph node metastases. Each of the investigated primary tumors and related lymph node metastases also showed striking heterogeneity with respect to Her-2/neu, with several areas displaying different levels of amplification. In summary, our data indicate that DNA copy number changes on 2q, 3q, 7p, 17q, and 22q may be involved in the metastatic process in BCA. Furthermore, the striking genetic heterogeneity that we found between primary BCA and its lymph node metastases may underlie BCA's poor responsiveness to therapy and could help explain why prognostic biomarkers measured exclusively in primary tumors give an incomplete view of the biologic potential of BCA.
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Barrett's adenocarcinoma (BCA) has risen faster in incidence than any other gastrointestinal tumor over the past 30 years, and it has a poor prognosis (1) . In particular, the presence of lymph node metastasis has been shown to be an independent indicator of poor prognosis in several studies of BCA (2, 3) . Unfortunately, approximately 30 to 60% of patients present with lymph node metastases at the time of initial diagnosis and have an overall 5-year survival rate of less than 10%. The identification of patients who are at greatest risk for harboring or developing metastases could help in the design of new strategies for the diagnosis and management of this disease. In addition, the identification of genes responsible for metastasis may allow the development of new specifically targeted therapeutic regimens. Many studies have focused on the genetic changes that occur along the proposed metaplasiadysplasia-carcinoma sequence of Barrett's esopha-gus, but little is known regarding the genetic steps that promote the later stages of tumor progression and the development of metastatic phenotype. Cytogenetic studies using G-banding, fluorescence in situ hybridization (FISH), and comparative genomic hybridization (CGH) have revealed a complex pattern of structural and numeric chromosomal aberrations in adenocarcinoma of the distal esophagus and gastric cardia (4 -8) . In recent years, a complete allelotype of BCA has been constructed (9 -11) . Loss of heterozygosity in BCA is seen most frequently at 4q, 5q, 9p, 12q, 13q, 17p, and 18q. Recently, CGH studies of adenocarcinomas of the gastroesophageal junction have revealed gains on chromosomes 20, 6p, 7p, 7q, 8q, and 17q and losses on 4p, 4q, 5q, and 18q in BCA (6 -8, 12) . However, the relevance of these and other genetic alterations for the emergence of the metastatic phenotype is unknown, despite the crucial importance of this event for the prognosis of patients who have BCA.
To search for the cytogenetic events related to the metastatic process, we investigated and compared metastatic BCA and its corresponding nodal metastases with nonmetastatic BCA using CGH to evaluate chromosome copy number changes, followed by FISH analysis for validation and characterization of the amplifications on 17q that were observed at a significantly higher frequency in metastatic tumors and their metastases. In addition, the analysis of paired samples from the same patient made it possible to asses the degree of clonal divergence and genetic heterogeneity, which is an important basis for the understanding of the biology of metastasis in BCA as a means for the development of improved strategies for prognostic assessment and treatment.
MATERIALS AND METHODS

Patient Samples
Twenty-six patients (one female, 25 males) who had BCA of the distal esophagus that was diagnosed between 1990 and 1998 were studied. Follow-up data were available for 24 cases (mean follow-up, 22 months; range, 0 to 85 months). All patients underwent an esophagectomy without preoperative radiotherapy or chemotherapy. The presence of distant metastasis was excluded preoperatively in these patients by means of a chest x-ray, computer tomography of the thorax and abdomen, percutaneous ultrasound, and bone scintillography. Postoperative follow-up also included these procedures at regular intervals to exclude the possibility of tumor recurrence and/or distant metastases. The primary tumors were staged according to the Union Internationale Contre le Cancer TNM system (13) . Nineteen BCA were classified as pT1, 2 as pT2, and 5 as pT3. Clinical and histopathologic data for the study group are summarized in Table 1 . Formalinfixed and paraffin-embedded tissue blocks of 18 nonmetastatic (17 pT1 and 1 pT3) and 8 metastatic (2 pT1, 2 pT2, and 4 pT3) BCA and 8 corresponding nodal metastases (1 celiac axis lymph node and 7 regional lymph nodes) were selected for laser microdissection and subsequent DNA extraction.
Laser-Assisted Microdissection and Cell Pretreatment
An ultraviolet laser microbeam (P.A.L.M, Wolfratshausen, Germany) was used to excise tumor cell groups from defined tissue areas on unmounted hematoxylin and eosin-stained serial sections (5 m). From each case of BCA, 10 5 to 10 6 microdissected tumor cells were sampled, representing the complete carcinomatous area of one to three serial sections. At least 1 to 5 ϫ 10 3 microdissected cells from three to six serial sections were sampled from regional lymph node metastases and normal squamous epithelium (control). The cells were lysed in 50 to 200 l 100 mM Tris-HCl (pH 7.5), 1 mg/mL proteinase K for 24 h at 55°C.
Amplification and Labeling of Test DNA
Degenerate oligonucleotide primed polymerase chain reaction (DOP-PCR) was performed on DNA extracts of the microdissected tissue according to a previously published method (14 -16) . DOP-PCR amplified DNA as well as nonamplified DNA from tumor and control samples was labeled with biotin-16-dUTP (Boehringer Mannheim, Mannheim, Germany) using a standard nick translation reaction.
CGH and Image Analysis
CGH was performed on test DNA amplified by DOP-PCR according to published procedures (14 -16) . For all CGH preparations, 300 ng labeled test DNA and SpectrumRed direct-labeled normal female or male total human genomic DNA (Vysis, Inc., Downers Grove, U.K.), plus 25 g CotIDNA were cohybridized to denatured metaphases for 72 h at 37°C. After hybridization, biotin-labeled test DNA was detected with Cy2-conjugated streptavidin (Dianova, Hamburg, Germany). For CGH analysis, at least 10 metaphases were imaged and karyotyped after visualization with a Zeiss Axioplan 2 fluorescence microscope (Zeiss, Oberkochen, Germany) equipped with filter sets (single-band excitation filters) for 4Ј-6-diamidino-2-phenylindole, Cy2, and Texas Red. Averaged profiles were generated by CGH analysis software (ISIS 3, V2.84; MetaSystems, Altlussheim, Germany) from at least 10 to 15 homologous chromosomes. Based on previous CGH experiments (14, 17, 18 ) the ratios 1.25 and 0.75 were used as diagnostic cutoff levels indicating overrepresentation (DNA amplification) and underrepresentation (DNA loss), respectively.
Control Experiments
DOP-PCR amplified DNA obtained from morphologically normal appearing esophageal squamous epithelium (n ϭ 6) was hybridized with nonamplified reference DNA (SpectrumRed) to metaphase preparations. In these experiments, no chromosomal changes were detected except for chromosomal regions 1p34 -36 and 19. These regions are known to show artifactual results by CGH (15, 19) . Therefore, chromosomes 1p and 19 were excluded from further analysis. In addition, three cases of BCA were comprehensively analyzed using both DOP-PCR amplified and nonamplified DNA, with the same chromosomal changes being detected by both methods. CGH results were further validated by comparison with FISH analysis.
FISH Analysis
FISH analysis with specific probes was essential to validate and further characterize the CGH findings. Moreover, FISH analysis allowed visualization of the degree of intratumoral heterogeneity. Five metastatic BCA and six related metastases, as well as two nonmetastatic BCA specimens with DNA copy number changes on chromosomes 17q, known from the CGH experiments, were selected to validate these changes (Table 2) . Serial 5-m sections of the tissue blocks were used for FISH analysis, which investigated areas corresponding to those examined by CGH. For FISH analysis, a PathVysion HER-2 DNA probe kit (Vysis) was used according to the manufacturer's recommendations. The kit consists of directly labeled fluorescent DNA probes specific for the HER-2/neu gene locus (17q11.2-q12) and a DNA probe specific for the ␣ satellite DNA sequence at the centromeric region of chromosome 17 (17p11.1-q11.1). Signals from 100 to 150 tumor cell nuclei per specimen were counted using confocal laser scanning microscopy (Zeiss LSM 510). Nuclei from normal squamous epithelium or lymphocytes deposited separately on the same slide were used as controls of hybridization efficiency and specificity. The criteria established by Hopman et al. (20) were followed for signal enumeration. The Her-2/neu gene locus was classified as amplified if there were more than twice as much red Her-2/neu signals than green centromere 17 signals (ratio more than 2). More than two red signals accompanied by the same number of green signals was considered to be indicative of polysomy of chromosome 17. Her-2/neu clusters were defined as an accumulation of usually more than 10 signals. In those cells, the precise number of signals could not be counted because of coalescent signal clusters (Fig. 1A) . When the proportion of cells with negative nuclei exceeded 20%, the procedure was regarded as suboptimal and was either repeated or abandoned.
Statistical Analysis
The statistical significance of differences between the number of DNA gains and losses of primary and metastatic tumors and the histopathologic (pTNM, grade) and clinical (survival) data was calculated using Wilcoxon's rank-sum test and Fisher's exact test, respectively. For comparison of average aberration frequencies in each entity, the standard error of the mean (ϮSEM) was calculated. Correlation with recurrent cytogenetic findings was analyzed using Fisher's exact test.
RESULTS
Overview of Copy Number Changes
DNA gains and losses determined by CGH for the 8 metastatic BCA, including their associated regional lymph node metastases, and the 18 nonmetastatic BCA are shown in Tables 3 and 4. All of the specimens showed DNA copy number changes by CGH. The total number of chromosomal aber- CGH of Metastatic Primary BCA An average of 16.0 Ϯ 3.6 chromosomal imbalances per case were detected in the eight metastatic BCA. The chromosomal alterations most often identified were gains on 8q and 20q (75% each); 2p and 3q (63% each); 7p and 17q (50% each); 6p and 7q (38% each); and 11q, 16q, and 22q (each 37%). Losses were observed on the Y chromosome and on 5q (75% each); 4q (63%); 4p, 9p, 13q, and 14q (50% each); and 6q, 7q, and 18q (37% each). Within the metastatic tumor group, there was no statistically significant correlation between chromosomal aberrations and pT category (pT1 versus pT2; pT2 versus pT3; pT1 versus pT3; all P Ͼ .05).
CGH of Lymph Node Metastasis
In the eight lymph node metastases, an average of 21.1 Ϯ 1.3 chromosomal imbalances per case were detected. These consisted of gains on 8q and 20q (100%); 7p and 17q (88% each); 2p, 3p, 6p, and 16p (75% each); and 9q, 10p, 10q, and 16q (62% each) and losses on 4q (87%); 2q, 5q, and 13q (75% each); Y chromosome (50%); 9p and 15q (50% each); and 18q, 14q, and 6q (38% each). Coamplification of chromosome 7p and 17 was found in 6 of 8 metastases but in only 3 of 8 of the primary tumors of these cases. The most frequent alteration observed only in metastases but not in the related primary BCA was loss of 2q (with a minimal common region at 2q22-23), which was detected in 5 of 8 metastases (Table 5) .
CGH of Nonmetastatic Primary BCA
An average of 11.8 Ϯ 1.1 chromosomal imbalances per case were detected in the 18 nonmeta- BCA, Barrett's adenocarcinoma; LN, lymph node metastases; underline indicates DNA gains or losses in common between BCA and LN. a DNA copy number changes that exceeded the ratio of the fluorescence the value of 1.5.
static BCA cases. The chromosomal alterations most often identified were gains on 8q (83%), 20q (61%), 7p (56%), 10q (55% each), 2p and 6p (44% each), and 13q (39%). Losses were observed predominantly on the Y chromosome (78%), 9p (50%), 18q (44%), and 5q and 7q (33% each).
CGH Comparison of Metastatic and Nonmetastatic Primary BCA
There was a slightly but not significantly higher total number of chromosomal imbalances in metastatic BCA (16.0 Ϯ 3.6) compared with nonmetastatic BCA (11.8 Ϯ 1.1). In particular, we observed significantly more DNA gains on 3q (P ϭ .013), 17q (P ϭ .019), and 22q (P ϭ .021) in the primary tumors of the metastatic group. There was no detectable deletion that was significantly associated with the metastatic phenotype. Figure 1 presents a paired comparison of the amplification (A) and deletion (B) frequencies of 37 chromosome arms in the metastatic and nonmetastatic BCA cases. No substantial differences were observed in the number of chromosomal imbalances between metastatic and nonmetastatic BCA concerning the pT staging.
CGH Comparison of Paired Samples of Primary Tumors and Their Metastases
The total number of chromosomal imbalances in the lymph node metastases (21.1 Ϯ 1.3) was higher than that of the related primary tumors (16.0 Ϯ 3.6) but was not statistically significantly different (P Ͼ .05). Of the aberrations that appeared as new changes in the metastases, the most frequent was loss of 2q (5 of 8 metastases); however, there were no aberrations that were significantly more frequent in nodal metastases than in primary carcinomas. The degree of similarity between changes in the primary tumor and its metastasis varied widely. None of the pairs had identical genetic changes. A comparison of the DNA copy number changes in the primary tumors and their related metastases is presented in Table 5 .
FISH Analysis in Paired Samples of Primary Tumors and Their Metastases
A total of 13 FISH experiments on five metastatic primary BCA, six related regional lymph node metastases, and two nonmetastatic BCA were performed. A comparison of the results from FISH and CGH analysis is presented in Table 2 . The fraction of cells with amplified Her-2/neu in each tumor was calculated, the results of which are shown in Table  2 . Three primary BCA and three lymph node metastases displayed distinct clusters of Her-2/neu signals. In these cases, the precise number of signals could not be counted, but the clusters were usually composed of more than 10 signals. Several scored tumor cells contained equal numbers of centromere 17 and Her-2/neu signals. Each of the investigated tumors showed striking heterogeneity, with several areas displaying different levels of Her-2/neu. Intratumoral heterogeneity was further indicated by the presence of polysomic cells that were not amplified in these tumors. Figure 2 illustrates intratumoral heterogeneity of Her-2/neu amplification in a primary BCA ( Fig. 2A) and in its lymph node metastasis (Fig. 2B, C) .
DISCUSSION
The present study demonstrates that certain genetic alterations are significantly more frequent in metastatic than in nonmetastatic BCA. Furthermore, identified were chromosomal aberrations that preferentially occur in lymph node metastases, suggesting that they may be involved in the metastatic process.
Primary BCA are genetically complex tumors, as shown by the large number of genetic changes per case in our series (mean, 13.1 Ϯ 1.4). Many of the common genetic changes detected in our series have been reported in previous cytogenetic studies (4 -8) . Most of the alterations found in the nonmetastatic primary tumors were also commonly found in the metastatic BCA cases. In particular, the statistical analysis indicated that DNA gain on chromosomes 3q, 17q, and 22q was significantly more frequent in metastatic BCA (P Ͻ .05). No significant correlation could be observed between pT stage and chromosomal aberrations, indicating that DNA gains on 3q, 17q, and 22q are specifically involved in the metastatic process. Thus, these chromosomal changes may be potential targets for candidate genes important for metastasis. Overrepresentation of chromosome arm 3q was observed in 5 of 8 primary tumors of the metastatic BCA, with a minimal common region of 3q26-qter, but in only 2 of 18 nonmetastatic BCA. Increased copy number changes at 3q26 -27 have also been reported as a recurrent change in a variety of tumors that are widely known for early development of their metastatic potential, such as small cell carcinoma of the lung (21) . One potentially relevant gene at 3q26.3 whose product may contribute to the control of cell proliferation and malignant transformation is PIK3CA. This gene encodes the catalytic subunit of phosphatidylinositol-3 kinase, a critical component of several cell signaling pathways, including those of epidermal growth factor, plateletderived growth factor, and insulin-like growth factor (22) .
DNA gain on chromosome 17q was also observed in a significantly higher proportion of metastatic than nonmetastatic primary BCA. An association between chromosome 17 gains and lymph node metastasis has been demonstrated in both breast and gastric cancers (23, 24) . Some cell regulation and growth factor genes have been assigned to the area of 17q12-21 amplification. Of these, the best potential candidate genes are Her-2/neu and Grb7, the former being known to be overexpressed in gastric cancer (25, 26) . The Grb7 is a newly identified SH2-containing protein that avidly binds to activated EGFR (27) . It localizes to 17q11-12 near the Her-2/neu locus. Stein et al. demonstrated frequent coamplification of Grb7 and Her-2/neu in breast carcinoma cells (28) . Furthermore, Tanaka et al. showed that Grb7 isoforms are involved in cell invasion and metastatic progression of esophageal squamous carcinoma (29) . Thus, Grb7 may also be involved in tumor progression of BCA.
DNA gain on chromosome 22q was significantly more frequent in metastatic primary BCA than in nonmetastatic primary BCA. Previous CGH studies of adenocarcinomas of the stomach and the gastroesophageal junction have revealed gain on 22q in a low frequency (7, 30, 31) . In addition, colorectal and gastric carcinomas frequently have loss of heterozygosity on chromosome 22q, suggesting that inactivation of tumor suppressor genes on 22q participates in the tumor development (32) . However, to our knowledge, no potential oncogene located on 22q is known to be involved in tumorigenesis of carcinomas of the digestive tract.
However, CGH is limited in its ability to detect DNA losses and amplifications, because the use of metaphase chromosomes limits detection of events involving small genomic regions (of less than 20 Mb) and resolution of closely spaced aberrations. In particular, CGH is less sensitive than other techniques in detecting genetic loss; thus, it is possible that some of the genetic deletion events that were not statistically correlated with metastasis in our study may prove to be using other methodologies, especially for loci with genetic loss that nearly reached significant values (4p-, 5q-, 6q-). Therefore, these results should be confirmed with other techniques (e.g., high-resolution CGH microarrays, loss of heterozygosity analysis) in further studies.
By combining CGH and FISH results, we were able to demonstrate that HER-2/neu gene amplification was present in both primary BCA and the lymph node metastases in our series. Hardwick et al. (33) showed, by immunohistochemical staining, that HER-2/neu overexpression is not involved in the early stages of neoplastic progression in Barrett's esophagus but plays a role in late events such as metastatic progression. Nevertheless, our study group was too small to clarify the clinical relevance of HER-2/neu in BCA progression, although we did demonstrate a statistically significantly higher proportion of 17q gain in metastatic versus nonmetastatic BCA.
An intriguing finding in the regional lymph node metastases was the coamplification of 7p and chromosome 17 in 6 of 8 cases, whereas this coamplification was present in only 3 of 8 of the primary tumors. In a previous study of BCA, coamplification of the EGFR gene (located on 7p12) and Her-2/neu was observed in 15.4% of cases (34) . Coamplification of Her-2/neu and EGFR has also been reported in gastric adenocarcinoma (35) , and it has been suggested that a synergistic selection for multiple copies of both the Her-2/neu and EGFR genes may occur during progression to cancer (36) . Whether coamplification of these genes occurs in more aggressive esophageal adenocarcinoma awaits further studies. The most frequent alteration that was observed in our series of metastases but was not seen in the related primary BCA was the loss of 2q (with a minimal common region at 2q22-23) detected in 5 of 8 metastases. A potential candidate gene in this area is Grb14, which is assigned to the chromosomal region 2q22-24. The Grb14 gene is a member of Grb7 gene family discussed above (37) .
The combination of the findings of the CGH and FISH analyses in paired primary tumors and nodal metastases allowed us to study the clonal relationship between the primary tumors and their metastases. None of the pairs had identical chromosomal changes, but all shared at least some alterations. Although most sample pairs showed a high degree of commonality, some metastases had little evidence of clonal relationship to their primary tumor. One possible explanation for this finding is the selection pressure of the tissue growth environment. Growth conditions may differ between the primary and metastatic sites (38) , providing a growth advantage to different cell clones in the two areas. The low degree of shared chromosomal change seen by CGH also suggests that a clonal relationship might be missed as a result of genetic heterogeneity within the primary tumor. The development of divergent clones during the process of clonal expansion is proposed to be the explanation for tumor cell heterogeneity (38) . Such an intratumoral heterogeneity was demonstrated by the FISH analysis of the primary BCA tumors. Each of the investigated carcinomas was composed of several areas with different centromeric 17/Her2-neu signals, indicating a high prevalence of intratumoral heterogeneity (Table 2 and Fig. 2) . Even if limited concordance between primary BCA and their metastases were seen, this does not necessarily conflict with the model of histologic progression. Barrett et al. (39) demonstrated using Barrett's esophagus cell lines that clonal evolution is more complex than predicted by linear models.
In conclusion, using a combined CGH and FISH analysis technique, we have described genetic aberrations associated with the metastatic behavior of BCA. Different genetic alterations were seen in primary BCA with and without metastases, which points to potential chromosomal regions that could harbor genes responsible for tumor progression and metastasis. In particular, our data suggest that chromosomes 2q, 3q, 7p, and 17q all are worthy of further analysis with more focused techniques. Moreover, we demonstrate that considerable genetic heterogeneity exists within the primary tumor and within related metastases in BCA, as well as between primary BCA and its metastases. This finding helps to explain the poor responsiveness of BCA to therapy and is a factor that indicates that biomarkers of prognosis measured exclusively in primary tumors may be limited in their ability to describe the biologic potential of BCA.
Note: Since the writing of this article, we have had the opportunity to investigate the metaplasia-dysplasia-carcinoma sequence in our BCA cases (40) . Interestingly, distinct patterns of chromosomal aberrations were already present in the preinvasive stages of BCA.
